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Abstract
We present a new way of continuously reading-out the state of a single electronic
spin. Our detection scheme is based on an exchange interaction between the electronic
spin and a nearby read-out quantum dot. The coupling between the two systems
results in a spin-dependent conductance through the read-out dot and establishes an all
electrical and non-destructive single spin detection. With conductance variations up to
4% and read-out fidelities greater than 99.5%, this method represents an alternative to
systems where spin to charge conversion cannot be implemented. Using a semi-classical
approach, we present an asymetric exchange coupling model in good agreement with
our experimental results.
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Over the last 10 years, advances in nanofabrication and measurement technologies allowed
for the read-out1–4 and manipulation5–11 of single electronic and nuclear spins. Besides the
opportunity of testing our understanding of quantum mechanics, these progresses are at the
heart of recent developments towards potential applications in the field of nanospintron-
ics,12,13 molecular spintronics14–16 and quantum information processing.17 Among different
concepts, systems integrating an all electrical spin detection benefit most from achievements
of the microelectronic industry, but so far, they relied on the spin to charge conversion2,18,19
which required emptying the electron into a nearby reservoir. However, in devices where the
energy of the spin system is much more negative than the Fermi energy of the leads, a differ-
ent detection technique is mandatory. Here we present a general detection scheme based on a
single electronic spin coupled to a read-out quantum dot. Because of the exchange coupling
between the two systems, transport properties through the read-out quantum dot are spin
dependent, enabling an electrical read-out which is non-destructive of the single electronic
spin.
To implement this general detection scheme, we fabricated a single TbPc2 molecule spin-
transistor (Figure 1a) using the electromigration technique.20 This spin transistor can be
split into two coupled quantum systems :
(i) The 4f electrons of the terbium Tb3+ ion possess an electronic spin. Its total spin
S=3 and total orbital momentum L=3, originats from its [Xe]4f8 electronic configuration.
Because of a strong spin-orbit coupling, the total angular magnetic moment of the electronic
spin is J=6. In addition, the two phthalocyanines (Pc) generate a ligand field that leads to
an electron-spin ground state doublet | ↑〉 and | ↓〉 which is well isolated and have a uniaxial
anisotropy axis perpendicular to the Pc-plane30 (Figure 1a). At finite magnetic fields, the
degeneracy of the doublet is lifted, the electronic spin can reverse and emit a phonon via a
direct relaxation process.
(ii) the Pc ligands create a read-out quantum dot. The TbPc2 has a spin S=1/2
delocalized over the two Pc ligands21 which is close in energy to the Tb-4f states. Thus,
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delocalized pi-electron system results in a quantum dot in the vicinity of the electronic spin
carried by the Tb3+ ion. This read-out quantum dot is tunnel-coupled to source and drain
terminals to perform transport measurements. Furthermore, an overlap of this pi-electron
with the Tb3+ 4f electrons gives rise to a strong exchange coupling between the read-out
quantum dot and the electronic spin, without affecting its magnetic properties, as demon-
strated in the following.
Experimental Results
Now, we present the characterization of our single-molecule spin transistor measuring the
differential conductance as a function of the source drain voltage Vds and the gate voltage Vg
to obtain the stability diagram presented in Figure 1b at an electronic temperature around
80 mK. Regions colored in red and blue exhibited respectively high and low differential
conductance values. Note that this sample is the same as previously studied,4 the difference
in conductance originating from a slight change of the molecules tunnel-coupling to the
metallic leads due to aging of the device. From the general characteristics of the Coulomb
diamond in Figure 1b, we obtained a conversion factor α = ∆Vds/∆Vg ≈ 1/8, resulting in a
low estimation of the charging energy EC ≈ 100meV of the quantum dot under investigation.
First, this large value agree with the idea that the single TbPc2 molecular magnet creates
the quantum dot. Moreover, Zhu et al.22 showed that electrons add to the TbPc2 only go
to the Pc ligands up to the fifth reduction and second oxidation. As a results, as observed
in our previous works on two different samples,4,11 the charge state as well as the magnetic
properties of the Tb3+ ion are conserved. On these accounts, the read-out quantum dot is
most likely created by the Pc ligands as depicted in Figure 1a.
The stability diagram presented in Figure 1b exhibits a zero bias anomaly on the right side
of the charge degeneracy point, which is associated with the usual spin S=1/2 Kondo effect
observed in 2D electron gas quantum dots23,24 and single molecule transistors.26,27 The Kondo
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Figure 1: (a) Artist view of the single-molecule magnet spin-transistor presenting the one
nanometer high TbPc2 molecular magnet, contacted to the source and drain gold electrodes
(yellow) and a back gate (not shown). The electronic spin of the terbium ion (pink) is
coupled to the Pc ligands read-out quantum dot (white) via exchange interaction. White lines
represent electrons flow through the Pc read-out dot. This coupling modifies the chemical
potential of the read-out quantum dot depending on the electronic spin state. As a result,
the differential conductance is spin dependent. The orientation of the electronic spin also
indicates the easy axis of the TbPc2 molecular magnet. (b) Stability diagram of the read-out
quantum dot showing the differential conductance as a function of the source-drain voltage
Vds and the back gate voltage Vg. The Kondo peak on the right side of the Coulomb diamond
indicates an odd number of electrons on the read-out quantum dot. Measurements of figure
2 are performed at the working point indicated by a black dot at Vg= -0.69V and Vds= 0V.
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temperature TK was determined by measuring the differential conductance at Vds = 0 V as a
function of the temperature T for a fixed gate voltage Vg = −0.69V (Figure 2a). By fitting
the results to the empirical formula:23
g(T ) = g0
(
T 2
T 2K
(
21/s − 1)+ 1)−s + gc (1)
where g0 is the maximum conductance, s=0.22 and gc is the fixed background conductance,
we obtained a Kondo temperature TK = 5.3± 0.05 K.
To determine the configuration and value of the exchange coupling between the electronic
spin and the read-out quantum dot carried by the Tb3+ ion, we investigated the evolution
of the Kondo peak depending on the applied bias voltage Vds and the magnetic field B. By
increasing B the Kondo peak splits linearely, with a 124 µV/T rate, as presented in Figure 2b.
The slope is a direct measurement of the g-factor = 2.15± 0.1, which is consistent with the
usual spin S=1/2 Kondo effect.
However, an extrapolation of this linear splitting from positive to negative magnetic fields
display an intersection at a negative critical magnetic field Bc ≈ −880 mT, in contrast with
the classical spin S=1/2 Kondo effect behavior. Indeed, classically Bc is positive and directly
related to the Kondo temperature TK via: 2gµBBc = kBTK. To understand this behavior, we
use the analogy to the underscreened spin S=1 Kondo effect,25,29 where electrons of leads
and a screened spin S=1/2 are antiferromagnetically coupled. The remaining unscreened
spin S=1/2 is weakened coupled by a ferromagnetic coupling to the electrons of the leads,
creating an additional effective magnetic field. As a result, the critical field of finite values
is decreased to almost zero Tesla.29
In our single molecular magnet spin-transistor device, the negative value of Bc originates
from a ferromagnetic coupling between the read-out quantum dot and the terbium’s elec-
tronic spin carrying a magnetic moment equal to 9 µB. Taking into account this coupling,
the relation between the critical field Bc and the Kondo temperature TK can be modified
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to:4
2gµBBc = kBTK + a µBJzSz (2)
where a is the coupling constant, Jz and Sz the z component of the electronic Tb3+ and
read-out quantum dot spins respectively. Using the Kondo temperature TK = 5.3 K obtained
from Eq.1 and the critical field extracted from the magnetic field dependence (Figure 2b),
a coupling constant a = −3.91 T is obtained. We emphasize that such a high value cannot
be explained by a purely dipolar interaction due to the terbium magnetic moment. Indeed,
the relative distance between the phthalocyanine read-out quantum dot and the Tb3+ ion
is about 0.5 nm, giving a dipolar interaction of the order of 0.1 T, which is more than
one order of magnitude lower than the measured coupling constant. As an efficient exchange
interaction requires an overlap of the wave functions between the electronic magnetic moment
carried by the Tb3+ ion and the read-out quantum dot, this high coupling further validates
the expected configuration for which the read-out quantum dot is the phthalocyanine. We
present in the supplementary information two other TbPc2 based spin transistors for which
the exchange coupling was measured.
We now present the measurements and the model to explain how the exchange coupling
between the electronic spin state and the read-out quantum dot induces a spin dependence
of the differential conductance. We first define B‖ and B⊥ being the magnetic fields applied
parallel and perpendicular to the easy axis of the molecule respectively (Figure 1a). For
Vds = 0 and B⊥ = 0, we recorded the differential conductance at the working point while
sweeping B‖ (Figure 3a). By repeating this measurement, we obtained two distinct magneto-
conductance signals, corresponding to the two electronic spin states | ↑〉 (red) and | ↓〉 (blue).
The two measurements intersect at B‖ = 0 and have a constant differential conductance
difference for B‖ > ±100 mT. To quantify the read-out fidelity of our device, we recorded
the conductance values at B‖ = 100 mT for 10000 measurements. Plotting the results into
6
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Figure 2: (a) Temperature dependence of the differential conductance δI/δV at Vds = 0 V.
Inset: Evolution of δI/δV versus Vds for a different set of temperatures. The temperatures
from highest to lowest conductance were 0.1 K, 0.7 K, 1 K, 2 K, 3 K and 4.2 K. (b) Differential
conductance as a function of the magnetic field B and the source-drain voltage Vds. The solid
lines were fitted to the maxima and extrapolated to negative magnetic fields. It indicates that
the quantum dot under investigations possess a spin S = 1/2 and a g-factor g = 2.15± 0.1.
The critical field, given by the intersection of the two lines, was determined as Bc = −0.88 T,
indicating a strong ferromagnetic coupling a = −3.91 T between the read-out quantum dot
and the terbium spin.
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a histogram yielded two distinct Gaussian like distributions as presented in Figure 3b. The
read-out fidelity was determined to 99.5% by relating the overlap of the best fits to this two
distributions.
To further characterize the signal originating from the electronic spin, we determined the
conductance difference between the two orientation of the electronic spin (| ↑〉 and | ↓〉) as
a function of B‖ and B⊥(Figure 3c). Two different areas are visible. The red one, in which
the spin | ↓〉 conductance was lower than the spin | ↑〉 and the blue one in which the inverse
scenario occur. At a particular combination of B‖ and B⊥ the signal goes to zero, which is
indicated by the white region. The configuration of Figure 3a is represented by the dotted
line.
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Figure 3: (a) Differential conductance of the read-out quantum dot at zero bias as a function
of the magnetic field B‖ parallel to the easy axis of the molecule. The exchange coupling
between the read-out quantum dot and the electronic spin results in a different conductance
signal for the two spin orientations ↑ (red) and ↓ (blue). (b) Histogram of differential conduc-
tance values at B‖ = +100 mT for 10000 sweeps, showing two Gaussian-like distributions.
From the overlap of the distributions we estimated a read-out fidelity of 99.5%. (c) Conduc-
tance difference between the spin up and down as a function of the magnetic field parallel
(B‖) and perpendicular (B⊥) to the easy axis of the molecule. The dotted line corresponds
to the configuration of (a). (d) Calculated energy difference ∆Erod = E↑rod − E↓rod between
the read-out quantum dot and the source and drain potential as a function of the magnetic
field B‖ and B⊥.
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Theoretical discussion
To explain the magneto-conductance evolution as a function of B‖ and B⊥, we use a semi-
classical approach to describe the influence of the electronic spin J on the energy of the
read-out quantum dot. The model considers the spin s of the read-out quantum dot, the
Ising spin J of the 4f electrons both coupled to an external magnetic field B. The spin s is
exchanged coupled to J . The Hamiltonian H of the system is given by:
H = HJ +Hs +HJ,s
= HJ +Hrod
= µBB.gJ .J + µBB.g¯s.s+ J .a¯.s
with g¯s and gJ respectively the g-factor of the read-out quantum dot and of the elec-
tronic spin, a¯ the exchange coupling and µB the Bohr magneton. In the experiment, the
magnetic field B is applied along two directions, such that we define it in the x-z plane :
(B = (B⊥, 0, B‖). Furthermore, J = ±6 ez is considered as a classical vector confined on
the easy axis of the TbPc2 molecular magnet.30 Due to the axial symmetry of the system,
we consider it as invariant under a rotation in the x-y plan. The read-out dot Hamiltonian
can be consequently defined in the (⊥, ‖) basis as:
Hrod = µB
B⊥
B‖
 .g¯s.
s⊥
s‖
+
J⊥
J‖
 .a¯.
s⊥
s‖
 (3)
Because the spin s of the read-out quantum dot can not be considered as a punctual
electronic momentum aligned along the easy axis of terbium magnetization, the exchange
interaction can not be described by a diagonal tensor. Indeed the delocalisation of the elec-
tron in the ligand involves a multi-polar correction expressed in terms of coupling between
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the various spacial components i.e off-diagonal terms in the exchange tensor a¯. Moreover,
the g-tensor is sensitive to the shape of the QD,31 and measurements32,33 in quantum dot
showed a significant anisotropy of the g-factor which turned out to be tunable by electrical
means.33,34 Therefore, due to the non-symetric coupling of the read-out quantum dot to
the leads, and because no chemical environment argument can ensure an isotropic g-factor,
the more general way to express the exchange tensor a¯ and the g-factor in the (⊥, ‖) basis is :
a¯ =
 a δa‖
δa‖ a
 g¯s =
gs + δgs 0
0 gs
 (4)
Where the notation "δ" is used for the anisotropic contributions. Subsequently, taking
s⊥ = h¯σx/2 and s‖ = h¯σz/2, the Hamiltonian Hrod in the read-out dot electronic spin basis
is given by:
Hrod = h¯ µB gsB‖
2
 1 (1 + δgsgs ) B⊥B‖
(1 + δgs
gs
) B⊥
B‖
−1
+ h¯ a Jz
2
 1 δa‖a
δa‖
a
−1
 (5)
The eigenenergies of the read-out dot are
EJ=±6 = ±[0 + 2agsµBB‖Jz + 2δa(gs + δgs)µBB⊥Jz]1/2 (6)
where 0 is function of J2z , meaning that the states Jz = ±6 are degenerated for agsB‖ =
δa(gs + δgs)B⊥. This result in a shift of the crossing point in B‖ as the function of B⊥
observed in the measurement presented in Figure 3c, given by :
Bshift‖ =
(gs + δgs)
gs
δa‖
a
B⊥ (7)
In order to obtain an estimation of the off-diagonal term δa‖, as well as the anisotropy of
gs, we use the experimental values determined from the measurements presented in Figure 2
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Figure 4: Fitting parameter line as a function of ( δgs
gs
;
δa‖
a
).
(a = −3.91 T and g ≈ 2.15), and extract the slope of Bshift‖ = −0.6B⊥ from the measurement
presented in Figure 3c. We calculated and present in Figure 4 the different doublet ( δgs
gs
;
δa‖
a
)
in accordance with the experimental measurements. An infinite number of doublet gives
a perfect agreement with the experiment. Minimizing the anisotropy of the g-factor, we
use ( δgs
gs
= 0;
δa‖
a
= 0.6), we obtain the energy difference of the read-out quantum dot :
∆Erod = E
↑
rod −E↓rod, depending on the state | ↑〉 or | ↓〉 of the electronic spin, as a function
of B⊥ and B‖ (Figure 3d). The zero sensitivity region (in white in Figure 3c) as well as the
qualitative agreement comfort the model used to interpret the magneto-conductance signal.
Conclusions
In summary, we report on the proposition, theoretical explanation and experimental realiza-
tion of an electrical read-out of a single electronic spin using an exchange coupled read-out
quantum dot. This experimental realization has been demonstrated using the net magnetic
moment of a single molecule, the read-out quantum dot being directly sensitive to the spin
orientation resulting in signal amplitudes up to 4% and read-out fidelities of 99.5%. This
detection scheme is fully consistent with any single molecule architecture for which the mag-
netic moment is carried by a single atom embedded by a ligand, as far as the charge state
11
of the spin dot remains unchanged, as it is the case for all the Lanthanide Double-Decker
family (Tb, Dy, Ho, etc ... ), and could also allow the detection of a single magnetic impurity
in semiconductor quantum dots, or single spin coupled to a nanotube or nanowire, leading
to a potential progress in nano spintronic and quantum information processing.
Methods
The single-molecule spin based transistor was prepared by blow-drying a dilute dichloromethane
solution of the TbPc2 molecule onto a gold nanowire on an Au/HfO2 gate fabricated through
atomic-layer deposition. Before the solution was blow-dried, the electrodes were cleaned with
acetone, ethanol, isopropanol solution and oxygen plasma. The connected sample was en-
closed in a high-frequency, low-temperature filter, consisting of a Ecosorb microwave filter,
anchored to the mixing chamber of a dilution refrigerator with a base temperature of about
50 mK. The molecule-coated nanowire was then broken by electromigration, using a voltage
ramp at 50 mK. Transport measurements were taken using a lock-in amplifier in a dilution
refrigerator equipped with a home-made three-dimensional vector magnet, allowing us to
sweep the magnetic field in three dimensions at rates up to 0.2 T s−1.
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